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BRCA

:   breast invasive carcinoma

BSP

:   bone sialoprotein

BSPi

:   231BO cells with *IBSP* gene silenced

CT

:   computed tomography

ER

:   estrogen receptor

KCNK2

:   potassium two pore domain channel subfamily K member 2

OPN

:   osteopontin

PR

:   progesterone receptor

PTK2B

:   protein tyrosine kinase 2β

SPP1

:   secreted phosphoprotein 1

TCGA

:   The Cancer Genome Atlas

1. INTRODUCTION {#cas14172-sec-0001}
===============

Metastasis is the main cause of death for breast cancer patients. The mechanisms underlying breast cancer cells metastasizing to distant sites are complex and multifactorial, which require the coordinated spatiotemporal expression of oncogenes and antioncogenes. Accumulating data suggest that metastatic dissemination often occurs early during tumor formation.[1](#cas14172-bib-0001){ref-type="ref"} Thus, there is great value in learning more about the cell features that are correlated with high potential of metastasis in primary tumor.

Bone sialoprotein, encoded by the *IBSP* gene, is a phosphorylated and glycosylated protein secreted by bone matrix and cancer cells. Many studies have indicated that high BSP expression correlates with increased tumor grade and predicts a poorer prognosis of patients with breast or prostate cancer, or glioma.[2](#cas14172-bib-0002){ref-type="ref"}, [3](#cas14172-bib-0003){ref-type="ref"}, [4](#cas14172-bib-0004){ref-type="ref"} Bone sialoprotein could modulate cell functions like proliferation, apoptosis, adhesion, migration, angiogenesis, and ECM remodeling.[5](#cas14172-bib-0005){ref-type="ref"}, [6](#cas14172-bib-0006){ref-type="ref"} Moreover, anti‐BSP Ab was reported to reduce osteolysis while inducing bone formation in a nude rat model.[7](#cas14172-bib-0007){ref-type="ref"}, [8](#cas14172-bib-0008){ref-type="ref"} The knockdown of BSP caused significant decrease on proliferation, migration, and clone formation in vitro*,* and inhibited bone metastasis in the mouse model.[9](#cas14172-bib-0009){ref-type="ref"}, [10](#cas14172-bib-0010){ref-type="ref"} Data have shown that BSP possesses a polyglutamate sequence that mediates binding to hydroxyapatite crystals.[11](#cas14172-bib-0011){ref-type="ref"}, [12](#cas14172-bib-0012){ref-type="ref"} Bone sialoprotein also contains an integrin binding RGD (Arg‐Gly‐Asp) sequence, which could mediate protein binding to the cell surface[13](#cas14172-bib-0013){ref-type="ref"} and promote interactions between cells and the bone matrix through αvβ3 and αvβ5 integrin.[14](#cas14172-bib-0014){ref-type="ref"}

As an important member of the integrin family, αvβ3 integrin shows a wide range of functions in tumors and is associated with angiogenesis, cell proliferation, invasion, and metastasis of different cancer types.[15](#cas14172-bib-0015){ref-type="ref"}, [16](#cas14172-bib-0016){ref-type="ref"}, [17](#cas14172-bib-0017){ref-type="ref"}, [18](#cas14172-bib-0018){ref-type="ref"}, [19](#cas14172-bib-0019){ref-type="ref"}, [20](#cas14172-bib-0020){ref-type="ref"} Moreover, it is an indicator of increased bone metastasis and decreased patient survival time.[21](#cas14172-bib-0021){ref-type="ref"}, [22](#cas14172-bib-0022){ref-type="ref"} Decreasing the levels of αv and β3 integrin subunits in cells can suppress cancer metastasis.[23](#cas14172-bib-0023){ref-type="ref"} The anti‐αv integrin mAb intetumumab could bind with cell surface proteins important for adhesion, invasion, and angiogenesis in the metastatic cascade.[24](#cas14172-bib-0024){ref-type="ref"} Studies on its mechanism showed that αvβ3 integrin could bind with the components of ECM to form focal adhesions.[16](#cas14172-bib-0016){ref-type="ref"} Furthermore, β3 integrin is associated with cancer stem cells.[25](#cas14172-bib-0025){ref-type="ref"} β3 integrin could cooperate with transforming growth factor‐β to form β3 integrin‐transforming growth factor‐β receptor type II complexes and induce epithelial‐mesenchymal transition (EMT) by activating MAPKs in cancer cells.[18](#cas14172-bib-0018){ref-type="ref"} Additionally, αvβ3 integrin could facilitate FAKs and activate FAK‐dependent cytokines to promote cell migration and invasion.[20](#cas14172-bib-0020){ref-type="ref"} More recently, research showed that tumor exosome integrins prepare a favorable microenvironment at future metastatic sites and mediate nonrandom patterns of metastasis.[26](#cas14172-bib-0026){ref-type="ref"} Thus, we propose that new antagonists be explored in the future.

No doubt that the binding of BSP and αvβ3 integrin could contribute to metastasis formation of breast cancer cells, particularly bone metastasis. Study has revealed that αv integrin chain is markedly reduced in BSP(−/−) osteoclasts.[27](#cas14172-bib-0027){ref-type="ref"} Expression of BSP but not an integrin‐binding mutant (BSP‐KAE) in tumor cell lines could increase the levels of αv‐containing integrins and the number of mature focal adhesions.[28](#cas14172-bib-0028){ref-type="ref"} Our previous study showed that the expression of αvβ3 integrins decreased in the BSP‐silenced cells whereas ectopic BSP expression increased the expression of αvβ3 integrins.[9](#cas14172-bib-0009){ref-type="ref"} Due to the important role of BSP and αvβ3 integrin in breast cancer metastasis, future studies are warranted to identify the relationship of their expression in primary sites and the mechanism through which they affect bone metastasis. In this study, we investigated the expression of BSP and αv and β3 integrins in primary cancers, analyzed their mRNA levels in TCGA, and explored their roles in the process of breast cancer bone metastasis by upregulating or downregulating their expression. The results indicate that the BSP‐αvβ3 integrin axis promotes breast cancer cells metastasizing to the bone.

2. MATERIALS AND METHODS {#cas14172-sec-0002}
========================

2.1. Patient samples collection, H&E staining, and immunohistochemistry {#cas14172-sec-0003}
-----------------------------------------------------------------------

Tissues of breast cancer patients with invasive ductal carcinoma were collected in accordance with a protocol approved by the Institutional Review Board of the General Hospital of Southern Theater Command. Three‐micron thick sections of formalin‐fixed paraffin‐embedded tissue sections were deparaffinized in xylene and then rehydrated. For H&E staining, hematoxylin was added for 5 minutes, and eosin for 1 minute. For immunohistochemistry, Abs (Table [S1](#cas14172-sup-0003){ref-type="supplementary-material"}) were applied on tissue sections for 12 hours and incubated at 4°C in a humidity chamber. After treating with the Elivision plus Polymer HRP (Mouse/Rabbit) IHC Kit (kit 9902; MXB^R^ Biotechnologies), the antigen‐Ab binding was detected by DAB. Images were taken using an Olympus BX‐51 fluorescence microscope. Paracancer tissue was used as the negative control tissue and PBS was used instead of primary Ab as the negative control reagent. A semiquantitative scoring method was applied to classify the quantity and intensity of IHC staining of candidate markers. Based on the percentage of positive cells, the quantity score was defined as: 1, 0%‐25%; 2, 26%‐50%; 3, 51%‐75%; and 4, 76%‐100%. The intensity score was defined as: 0, no appreciable staining in the tumor cells; 1, barely appreciable staining; 2, readily appreciable staining; 3, strong staining. A total score were yielded by multiplying quantity and intensity score with a range between 0 and 12. If the total score was 8 or higher, we identified this protein is highly expressed.

The patients' clinical and pathological data were recorded, including age, sex, tumor size, and TNM stage when the operation was carried out. The ER, PR and cerBb‐2 data were recorded as negative (less than 5% positive cells) or positive (5% or more positive cells) for statistical analysis. The follow‐up medical records of tumor patients were traced until December 19, 2017, meaning that each patient had hospitalization and outpatient data at our hospital for at least 5 years.

2.2. Cells and animals {#cas14172-sec-0004}
----------------------

MDA‐MB‐231 (231) and MDA‐MB‐231BO (231BO) cell lines were generously provided by Dr. Toshiyuki Yoneda[29](#cas14172-bib-0029){ref-type="ref"}; 231BO has high potential to form bone metastasis. 293T cells were purchased from ATCC. MCF7 and PC3 cells were purchased from the Stem Cell Bank of the Chinese Academy of Sciences. The BSPi cells were generated from 231BO in our laboratory. Breast cancer cells were cultured in DMEM (Hyclone), whereas PC3 cells were cultured in F12 medium, supplemented with 10% FBS (Hyclone), in a humidified culture condition with 5% CO~2~ at 37°C.

Female athymic BALB/c nude mice, age‐matched between 4 and 6 weeks, were purchased from the Laboratory Animal Center of South Medical University, and housed in a pathogen‐free animal facility.

2.3. Gene overexpression by lentivirus vector {#cas14172-sec-0005}
---------------------------------------------

The ORF expression vectors containing ITGAV([NM_002210.3](NM_002210.3)) and ITGB3([NM_000212.2](NM_000212.2)) gene fragments and their negative control vectors were synthesized, and the recombinant lentiviruses were packaged into 293T cells using the Lenti‐Pac HIV expression package kit (GeneCopoeia). After 48 hours, lentiviruses were collected for infection. For each well, 0.5 mL virus suspension was prepared with polybrene at a final concentration of 8 μg/mL. The cells with lentivirus were first incubated at 4°C for 2 hours, then transferred to an incubator at 37°C for 10 hours. Finally, cells were selected by neomycin (600 μg/mL G418) and hygromycin B (800 μg/mL) to obtain the respective overexpressed populations used for subsequent analyses.

2.4. Silencing expression by siRNA transfection {#cas14172-sec-0006}
-----------------------------------------------

The siRNA targeting human *IBSP*,*ITGAV*, and *ITGB3* (Table [S2](#cas14172-sup-0004){ref-type="supplementary-material"}) were synthesized by Synbio Technologies. Cells were planted in 24‐well plates with a density of 2.0 × 10^5^ cells/well 24 hours prior to siRNA transfection to ensure a 70%--80% confluence at the time of transfection. Lipofectamine 3000 (Invitrogen) was used for the transfection of siRNAs. The effects on mRNA levels were measured at 48 hours after transfection; protein levels and cell characters were measured after 72 hours. Nontargeting siRNA was used as a negative control.

2.5. Western blot analysis {#cas14172-sec-0007}
--------------------------

For western blot analysis, proteins on PVDF membranes were incubated with specific Abs (Table [S1](#cas14172-sup-0003){ref-type="supplementary-material"}) at 4°C overnight and secondary Abs at 37°C for 1 hour, and visualized with an ECL detection kit (Millipore). Densitometry of western blotting was undertaken with ImageJ software (<https://imagej.nih.gov/ij/download.html>) and values were normalized to GAPDH.

2.6. Quantitative real‐time PCR and RNA sequencing {#cas14172-sec-0008}
--------------------------------------------------

Reverse transcription was carried out using PrimeScript RT Master Mix (Takara), and quantitative RT‐PCR was carried out using Bestar SybrGreen qPCR Mastermix (DBI) with primers indicated in Table [S3](#cas14172-sup-0005){ref-type="supplementary-material"}. Data analysis was undertaken using the 2^−ΔΔCT^ method, and all sample values were normalized to the *GAPDH* expression value.

For RNA sequencing, an Agilent 2100 Bio analyzer (Agilent RNA 6000 Nano Kit) was used for the total RNA sample QC. Then we undertook RNA sequencing of 231, 231BO, E, and β3 cells using the BGISEQ‐500 platform (BGI). The software SOAPnuke (BGI) was used to filter reads. We mapped clean reads to references using Bowtie2, and then calculated gene expression levels with the software package RSEM for estimating gene and isoform expression levels from RNA‐Seq data. We then calculated the Pearson correlation between all samples using cor, undertook hierarchical clustering between all samples using hclust, carried out principal components analysis (PCA) with all samples using princomp, and drew the diagrams with ggplot2 with functions of R.

2.7. Proliferation assays {#cas14172-sec-0009}
-------------------------

Cell proliferation ability was quantified by CCK‐8 (Dojindo) assay. Cells were seeded into a 96‐well plate with 3000 cells per well and incubated at 37°C for 0‐6 days. Thereafter, 10 μL CCK‐8 solution was added to 96‐well plates. After incubation for 2 hours, cell viability was measured by the absorbance at 450 nm.

2.8. Wound healing assay {#cas14172-sec-0010}
------------------------

Confluent cells were scratched with a sterile 200 μL pipette tip to generate a defined scratch wound. We removed the detached cells by washing with PBS 3 times and then incubated the cells with fresh medium with 1% FBS. Images were taken using a Leica DMI4000B microscope at 0 and 24 hours at fixed locations on the plate and compared to the starting position. The wound healing rates were measured using ImageJ software.

2.9. Matrigel invasion assay {#cas14172-sec-0011}
----------------------------

Matrigel invasion assay was undertaken using a Transwell 24‐well plate with 8.0 μm polycarbonate membrane (Corning). The inserts were coated with 60 μL basement membrane Matrigel diluted to 1:3 with DMEM, air‐dried and hydrated with 50 μL serum‐free DMEM. Cells at the density of 5 × 10^4^ cells/insert were seeded in serum‐free medium in the upper inserts. Medium with 20% FBS was used as a chemoattractant in the lower chamber. After incubation for 24 hours, the noninvading cells were removed by a cotton swab and the inserts were fixed and stained with 0.1% crystal violet for 15 minutes. Filters were photographed and the steps were repeated 3 times.

2.10. Flow cytometry detection of apoptosis {#cas14172-sec-0012}
-------------------------------------------

We routinely digested and collected the cells, and then incubated them with Guava Nexin reagent (Millipore) at room temperature for 20 minutes in the dark. The stained cells were detected using Guava easyCyte 5HT system (Merck Millipore), and the percentage of apoptosis detected by flow cytometry was analyzed using GuavaSoft 2.2.7 software.

2.11. Mouse model for breast cancer metastasis {#cas14172-sec-0013}
----------------------------------------------

We established the mouse model for breast cancer metastasis by injecting breast cancer cells into their left ventricle as described by Campbell *et al*.[30](#cas14172-bib-0030){ref-type="ref"} Briefly, the mice were anesthetized with isoflurane (3%) and maintained under anesthesia through a nose cone. Breast cancer cells at a density of 2 × 10^5^ cells/100 mL were injected into the left ventricle of anesthetized nude mice. Phosphate‐buffered saline was used as the negative control. After being fed in the pathogen‐free facility for 4 weeks or appearing to develop signs of morbidity, the mice were anesthetized and examined using a Latheta LCT‐200 X‐ray Scanner (Hitachi Aloka Medical) to detect bone lytic lesions. Then the mice were killed and their tissues were excised immediately, including brains, lungs, tibias, and femurs. After formalin‐fixation, the bone tissues were transferred into a decalcification solution (4% EDTA, pH 7.2) for 4 weeks at 37°C and were embedded with paraffin. Other tissues were embedded without decalcification. For histological study, 3 μm sections were stained with H&E. All experiments and procedures were approved by the Clinical Research Ethics Committee of the General Hospital of Southern Theater Command.

2.12. Statistical analysis {#cas14172-sec-0014}
--------------------------

Statistical analyses were undertaken using SPSS 19.0 software. The results are presented as mean ± SD, with *P *\<* *.05 considered as statistically significant. For the mice experimental data, we used the Kruskal‐Wallis test to compare the metastatic rates among groups. For patients' clinical and pathological data, we used Spearman\'s rank correlation coefficient to study the relationship between BSP and αvβ3 integrin. The protein expression in young (age less than 50 years) and old (age 50 years or older) groups was compared using the Mann‐Whitney test. Then Kruskal‐Wallis tests were applied to study the relationship between the metastatic capacity of breast cancer and protein expression. For TCGA data analysis, breast cancer mRNA expression data of TCGA BRCA was downloaded from TCGA data portal (<https://portal.gdc.cancer.gov/>). R language package "Hmisc" was used for the correlation analysis of gene expression. The least significant difference (LSD) test was used in multiple comparisons, and *P* values were corrected by the Bonferroni method.

3. RESULTS {#cas14172-sec-0015}
==========

3.1. Expression of BSP and αvβ~3~ integrin correlates with breast cancer metastases {#cas14172-sec-0016}
-----------------------------------------------------------------------------------

By searching in the information retrieval system of the General Hospital of Southern Theater Command, we found 270 cases of breast cancer with bone metastases from January 2000 to November 2012. After removing the cases that did not undergo surgery in our hospital, only 32 cases of infiltrative ductal carcinoma combined with bone metastases and complete pathological records were selected for further study. In addition, we chose 10 cases with distant metastasis but not in bone, 11 cases with lymphatic metastasis, and 6 cases with no metastasis for detection and data analysis. All 59 patients with invasive breast ductal carcinoma were female. The oldest was 79 years old, and the youngest was 28. The median age was 50 years. Clinical data, pathological data, and immunohistochemical staining results of these primary tumors were recorded in Table [1](#cas14172-tbl-0001){ref-type="table"}.

###### 

Pathologic features and immunohistochemical results of breast cancer patients (n = 59)

  Items              Total   ER   PR   cerBb‐2   Ki‐67   BSP   *α*v‐integrin   *β*3‐integrin                                  
  ------------------ ------- ---- ---- --------- ------- ----- --------------- --------------- ---- --- --- ---- --- ---- --- ----
  Age, years                                                                                                                  
  \<50               30      11   19   12        18      18    12              2               22   6   4   26   7   23   4   26
  \>50               29      10   19   12        17      23    6               2               19   8   6   23   6   23   9   20
  TNM stage                                                                                                                   
  I                  1       0    1    0         1       1     0               0               1    0   1   0    1   0    1   0
  II                 13      5    8    5         8       8     5               1               9    3   6   7    6   7    6   7
  III                20      6    14   9         11      16    4               2               15   3   1   19   3   17   3   17
  IV                 25      10   15   10        15      16    9               1               16   8   2   23   3   22   3   22
  Metastatic sites                                                                                                            
  None               6       1    5    1         5       3     3               1               5    0   4   2    4   2    4   2
  Lymph node         11      4    7    5         6       9     2               1               8    2   3   8    5   6    4   7
  Organs             10      6    4    6         4       8     2               0               7    3   0   10   0   10   1   9
  Bone               20      4    16   6         14      15    5               2               12   6   2   18   2   18   3   17
  Bone and organs    12      6    6    6         6       6     6               0               9    3   1   11   2   10   1   11

Abbreviations: BSP, bone sialoprotein; ER, estrogen receptor; High, immunohistochemical staining score ≥8; Low, immunohistochemical staining score \<8; NC, not clear; Neg, negative (\<5% positive cells); Pos, positive (≥5% positive cells); PR, progesterone receptor.

John Wiley & Sons, Ltd

The Spearman correlation analysis of immunohistochemical staining (Figure [1](#cas14172-fig-0001){ref-type="fig"}A) showed positive pairwise correlations among BSP, αv integrin, and β3 integrin in clinical specimens of breast infiltrative ductal carcinoma (BSP vs αv integrin: *r *=* *0.890, *P *\<* *.001; BSP vs β3 integrin: *r *=* *0.949, *P *\<* *.001; αv integrin vs β3 integrin: *r *=* *0.875, *P *\<* *.001). Using the Kruskal‐Wallis test, the χ^2^ and *P* values of gene expression in patients with different distal metastases were as follows: BSP, χ^2^ * *=* *14.479, *P *=* *.006; αv integrin, χ^2^ * *=* *14.926, *P *=* *.005; and β3 integrin, χ^2^ * *=* *10.816, *P *=* *.029. These results suggest that the levels of BSP, αv integrin, and β3 integrin in primary breast invasive ductal carcinoma are closely related to distant metastasis. In particular, high expression was observed in most of patients with distal organ metastasis, such as patient 1 and patient 2, compared with patient 3 with no distal organ metastasis (Figure [1](#cas14172-fig-0001){ref-type="fig"}A). However, there was no significant correlation between their expression and organ‐specific metastasis (Figure [1](#cas14172-fig-0001){ref-type="fig"}B). We also analyzed ER, PR, cerBb‐2, and Ki‐67, but no significant correlation was found with organ‐specific metastasis (Table [1](#cas14172-tbl-0001){ref-type="table"}). Moreover, no significant relevance was found between expression of these proteins and age.

![Expression of bone sialoprotein (BSP) and αvβ~3~ integrin in primary tumors of 3 breast cancer patients. A, H&E and immunohistochemical staining of serial sections of formalin‐fixed paraffin‐embedded in situ breast cancer tissue. Patient 3 (P3), without breast cancer metastasis, showed both low expression of BSP and αvβ~3~ integrin, whereas P1 and P2 with breast cancer metastasis highly expressed both BSP and αvβ~3~ integrin. Arrows indicate in situ breast cancer B, Correlation analysis of metastatic sites and BSP scores, αv integrin scores, and β3 integrin scores](CAS-110-3157-g001){#cas14172-fig-0001}

3.2. Overexpression of αv or β3 integrin could reverse some effects of *IBSP* gene silencing {#cas14172-sec-0017}
--------------------------------------------------------------------------------------------

In our previous study, we found that *IBSP* gene silencing could decrease the level of αvβ3 integrin in bone‐seeking breast cancer cell line 231BO, and inhibit migration, invasion, and bone metastasis in the mouse model.[9](#cas14172-bib-0009){ref-type="ref"} A similar phenomenon was observed when analyses were applied to human breast cancer cell line MCF7 and human prostate cancer cell line PC3 (Figure [S1](#cas14172-sup-0001){ref-type="supplementary-material"}).

To further study the relationship between BSP and αvβ3 integrin in breast cancer metastasis, we transfected BSPi cells with overexpression vectors (Figure [2](#cas14172-fig-0002){ref-type="fig"}A) and obtained 8 kinds of cells (Figure [2](#cas14172-fig-0002){ref-type="fig"}B): 231BO‐BSPi‐αv (αv) with αv integrin overexpression, and its control 231BO‐BSPi‐mCHER (M) with red fluorescent protein mcherry expression; 231BO‐BSPi‐β3 (β3) with β3 integrin overexpression, and its control 231BO‐BSPi‐EGFP (E) with green fluorescent protein EGFP expression; 231BO‐BSPi‐αvβ3 (αvβ3) with both αv and β3 integrin overexpression, and its control 231BO‐BSPi‐EGFP‐mCHER (EM) with both EGFP and mCHER expression; and 231BO‐BSPi‐αv‐EGFP (αvE) and 231BO‐BSPi‐β3‐mCHER (β3M) expressing both integrin and fluorescent protein. Using RT‐PCR, we found that *ITGAV* mRNA significantly increased in αv, αvE, and αvβ3 cells, and slightly increased in β3 and β3M cells (Figure [2](#cas14172-fig-0002){ref-type="fig"}C). Similarly, *ITGB3* mRNA significantly increased in β3, β3M, and αvβ3 cells, and slightly increased in αv and αvE cells. The results of western blot revealed that both αv and β3 integrin increased significantly in αv, β3, and αvβ3 cells (Figure [2](#cas14172-fig-0002){ref-type="fig"}D,E). Thus, we believe there is a close connection between *ITGAV* and *ITGB3* expression.

![Establishment of αv and β3 integrin‐overexpressing cells. A, Schematic of *ITGAV* and *ITGB3* overexpression vectors. B, Micrograph of cells after transfection. C, RT‐PCR assessment of *ITGAV* and *ITGB3* gene overexpression after transfection. D,E, Western blot assessment of *ITGAV* and *ITGB3* gene overexpression after transfection. *GAPDH* is the negative control. Quantification was carried out using ImageJ software. Results are expressed as mean ± SD, n = 3. \* *P* \< .05, \*\* *P* \< .01. αv, 231BO‐BSPi‐αv; αvβ3, 231BO‐BSPi‐αvβ3; αvE, 231BO‐BSPi‐αv‐EGFP; β3, 231BO‐BSPi‐β3; β3M, 231BO‐BSPi‐β3‐mCHER;BSPi, 231BO cells with *IBSP* gene silenced; E, 231BO‐BSPi‐EGFP;EM, 231BO‐BSPi‐EGFP‐mCHER; M, 231BO‐BSPi‐mCHER](CAS-110-3157-g002){#cas14172-fig-0002}

The CCK‐8 detection results revealed that the proliferation rates of αv, β3, and αvβ3 were significantly higher than that of BSPi, E, and EM cells after the third day (*P* \< .05) (Figure [3](#cas14172-fig-0003){ref-type="fig"}A). The wound healing speed of αv, β3, and αvβ3 cells was faster than that of other cells at 24 hours (Figure [3](#cas14172-fig-0003){ref-type="fig"}B,C). In the Transwell assay, the number of cells that migrated through Matrigel was significantly increased in αv, β3, and αvβ3 groups (Figure [3](#cas14172-fig-0003){ref-type="fig"}D). Moreover, cell apoptosis decreased slightly in αv, β3, and αvβ3 groups (Figure [3](#cas14172-fig-0003){ref-type="fig"}E,F). All these data suggested that *ITGAV* or *ITGB3* gene overexpression in *IBSP* gene silenced cells could enhance the proliferation, migration, and invasion activity of breast cancer cells in vitro, and reduce the cell apoptosis.

![Effect of αv and β3 integrin overexpression on proliferation, migration, and invasion of human breast cancer cells in vitro. A, Cell growth curves detected by CCK‐8 assay. B,C, Wound healing assay to detect migration ability. D, Cell invasion ability determined by Transwell assay. E,F, Cell apoptosis detected by flow cytometry. Results are expressed as mean ± SD, n = 3. \* *P* \< .05, \*\* *P* \< .01. αv, 231BO‐BSPi‐αv; αvβ3, 231BO‐BSPi‐αvβ3; β3, 231BO‐BSPi‐β3; BSPI, 231BO cells with *IBSP* gene silenced; E, 231BO‐BSPi‐EGFP;EM, 231BO‐BSPi‐EGFP‐mCHER; M, 231BO‐BSPi‐mCHER](CAS-110-3157-g003){#cas14172-fig-0003}

We also established a bone metastatic mouse model by injecting breast cancer cells into the left ventricle. By observing micro‐CT and H&E staining (Figure [4](#cas14172-fig-0004){ref-type="fig"}), we found 14 bone metastases, 10 lung metastases, and 3 brain metastases (Table [2](#cas14172-tbl-0002){ref-type="table"}). The results confirmed findings from previous studies,[9](#cas14172-bib-0009){ref-type="ref"}, [29](#cas14172-bib-0029){ref-type="ref"} which showed that 231BO is a bone‐seeking breast cancer cell line, and *IBSP* gene silencing could decrease its bone metastatic ability. Moreover, cells with high β3 expression (β3, αvβ3, and 231BO) might have greater potential to form bone metastases, although the BSP expression is still low in β3 and αvβ3 cells compared to E and M cells, which have decreased expression of both BSP and β3 integrin. That is to say, *ITGB3* gene overexpression might partly reverse the decline of bone metastasis in vivo induced by BSP silencing. However, no significant difference was found in lung metastasis or brain metastasis between these groups.

![Left panels, micro‐computed tomography photographs of legs of mice inoculated with different breast cancer cells. Right panels, H&E staining of tissue slices of brain, lung, and legs. Arrows indicate metastases. αv, 231BO‐BSPi‐αv; αvβ3, 231BO‐BSPi‐αvβ3; β3, 231BO‐BSPi‐β3; BSPI, 231BO cells with *IBSP* gene silenced; E, 231BO‐BSPi‐EGFP;EM, 231BO‐BSPi‐EGFP‐mCHER; M, 231BO‐BSPi‐mCHER](CAS-110-3157-g004){#cas14172-fig-0004}

###### 

Metastatic rate of breast cancer cells in nude mice (n = 42)

  Group                           231BO (n = 6) (%)   E (n = 8) (%)   M (n = 5) (%)   *α*v (n = 6) (%)   *β*3 (n = 10) (%)   *α*v*β*3 (n = 7) (%)
  ------------------------------- ------------------- --------------- --------------- ------------------ ------------------- ----------------------
  Bone metastasis (*P* = .016)    50                  0               0               17                 70                  43
  Lung metastasis (*P* = .485)    50                  25              0               17                 30                  14
  Brain metastasis (*P* = .501)   17                  0               20              0                  0                   14

John Wiley & Sons, Ltd

3.3. αv‐siRNA and β3‐siRNA could decrease migration and invasion ability and promote apoptosis of 231BO cells {#cas14172-sec-0018}
-------------------------------------------------------------------------------------------------------------

In order to verify the role of αvβ3 integrin, we designed siRNAs to knock down αv and β3 integrin expression. The results of RT‐PCR showed that αv‐siRNAs decreased the *ITGAV* mRNA level, and β3‐siRNAs decreased the *ITGB3* mRNA level (Figure [5](#cas14172-fig-0005){ref-type="fig"}A). The protein levels of both αv and β3 integrin decreased after αv‐siRNA or β3‐siRNA transfection (Figure [5](#cas14172-fig-0005){ref-type="fig"}B,D). The migration and invasion ability decreased (Figure [5](#cas14172-fig-0005){ref-type="fig"}C,E,F), while cell apoptosis increased (Figure [5](#cas14172-fig-0005){ref-type="fig"}G,H), in αv and β3 knockdown cells. All these data indicate that αv and β3 integrin play a very important role in breast cancer bone metastasis.

![αv‐siRNA and β3‐siRNA could decrease the migration and invasion ability, and promote apoptosis, of 231BO breast cancer cells. A, RT‐PCR assessment of *ITGAV* and *ITGB3* gene knockdown by siRNA in 231BO cells. B,D, Western blot assessment of *ITGAV* and *ITGB3* gene knockdown by siRNA in 231BO cells. C,E, Wound healing assay to detect migration ability. F, Cell invasion ability determined by Transwell assay. G,H, Cell apoptosis detected by flow cytometry. Results are expressed as mean ± SD, n = 3. \* *P* \< .05, \*\* *P* \< .01](CAS-110-3157-g005){#cas14172-fig-0005}

3.4. Bone sialoprotein‐αvβ3 axis regulates SPP1, KCNK2, and PTK2B expression {#cas14172-sec-0019}
----------------------------------------------------------------------------

To study the signal pathways between β3 integrin and breast cancer bone metastasis, RNA sequencing was undertaken with MDA‐MB‐231 (231), 231BO, E, and β3 cells. A total of 18 143 genes were detected. The results revealed that 5.2% of genes were modulated in response to BSP silencing and EGFP vector transfection (E vs 231BO), and 1.7% of genes were modulated in response to integrin β3 overexpression (β3 vs E). According to RNA sequencing data, the levels of SPP1 and KCNK2 are upregulated in 231BO and β3 cells, which have strong ability to form bone metastases, while the level of PTK2B is decreased (Figure [6](#cas14172-fig-0006){ref-type="fig"}A). These results were verified by RT‐PCR and western blot analyses (Figure [6](#cas14172-fig-0006){ref-type="fig"}B‐D). To confirm whether the effect of αvβ3 integrin is of general significance, MCF7 and PC3 cells were selected for validation. The results of RT‐PCR and western blot analysis (Figure [S2](#cas14172-sup-0002){ref-type="supplementary-material"}A‐E) showed that, in both MCF7 and PC3 cells, ITGB3, SPP1, and KCNK2 were upregulated when αv or β3 integrin were overexpressed, and downregulated when αv or β3 integrin were silenced. However, PTK2B showed the opposite effect. Furthermore, αv and β3 integrin have the same effect on cell migration and invasion of MCF7 and PC3 with 231BO cells (Figure [S2](#cas14172-sup-0002){ref-type="supplementary-material"}F,G).

![Results of RNA sequencing. A, Expression of *ITGB3*,*PTK2B*,*SPP1*, and *KCNK2* mRNA in breast cancer cells by RNA sequencing. B, Expression of *PTK2B*,*SPP1*, and *KCNK2* mRNA in breast cancer cells by RT‐PCR. C,D, Protein levels of KCNK2, PTK2B, and osteopontin (OPN; encoded by *SPP1* gene) in breast cancer cells by western blot analysis. E, Cluster analysis chart of ITGB3, PTK2B, SPP1, KCNK2 and their relative genes. 231, breast cancer cells MDA‐MB‐231; 231BO, bone‐seeking breast cancer cells MDA‐MB‐231BO; β3, 231BO cells transfected by *IBSP*‐siRNA and β3 overexpressing vector; E, Control cells of β3 cells, established from 231BO cells after *IBSP*‐siRNA and EX‐EGFP‐Lv151 vector transfection. Results are expressed as mean ± SD, n = 3. \* *P* \< .05, \*\* *P* \< .01](CAS-110-3157-g006){#cas14172-fig-0006}

Through bioinformatics analysis and a review of published reports, it is suggested that *ITGB3*,*SPP1*,*KCNK2*, and *PTK2B* genes could play an important role in promoting the bone metastasis of breast cancer (Figure [6](#cas14172-fig-0006){ref-type="fig"}E). The above data imply that *SPP1* and *KCNK2* might be positively correlated with breast cancer bone metastasis, whereas *PTK2B* might be negatively correlated with breast cancer bone metastasis.

3.5. Gene expression correlation observed in TCGA database {#cas14172-sec-0020}
----------------------------------------------------------

We downloaded the level 3 dataset of TCGA BRCA, which contains a total of 1222 expression data, including 1109 tumor samples and 113 normal samples. Correlation analysis of gene expression was carried out using the R language package "Hmisc". The result showed that the mRNA level of *IBSP* was closely related to the levels of *ITGAV*,*SPP1*,*KCNK2*, and *PTK2B* in breast cancer samples. Moreover, the *ITGB3* level was also closely related to *ITGAV*,*SPP1*, and *KCNK2*, as shown in Figure [7](#cas14172-fig-0007){ref-type="fig"}A. These results are consistent with our previous results of immunohistochemical staining of clinical formalin‐fixed paraffin‐embedded tissue sections and RNA sequencing of the cell lines.

![Correlation analysis of gene expression in The Cancer Genome Atlas dataset. A, Correlation analysis of *IBSP*,*ITGAV*,*ITGB3*,*SPP1*,*KCNK2*, and *PTK2B* gene expression. \**P* \< .05, \*\**P* \< .01, \*\*\**P* \< .001. B, Relationship between *IBSP*,*ITGAV*, and *ITGB3* expression and bone metastasis](CAS-110-3157-g007){#cas14172-fig-0007}

Among the BRCA samples, there were 79 metastatic samples, including 28 cases with metastases present only in bone or bone marrow, 28 cases with multiple metastases including bone or bone marrow, and 23 cases with metastasis in distant organs. The least significant difference test was used in multiple comparisons, and the *P* value was corrected by the Bonferroni method. However, there was no significant difference in the mRNA levels of *IBSP*,*ITGAV*, or *ITGB3* among different groups (Figure [7](#cas14172-fig-0007){ref-type="fig"}B).

4. DISCUSSION {#cas14172-sec-0021}
=============

Metastasis formation depends on the characteristics of cancer cells and the microenvironment of metastatic sites. Recent studies have reported that cancer cells spread in the early stage of cancer progression,[1](#cas14172-bib-0001){ref-type="ref"} so it is important to study the characteristics of cancer cells in situ and explore their bone metastasis potential. Previous studies have shown that BSP expression in primary human breast cancer is associated with bone metastases development.[4](#cas14172-bib-0004){ref-type="ref"} Moreover, αvβ3 integrin was abundant in all breast cancer cells in bone metastases. Interestingly, it was only strongly expressed in some primary invasive breast cancers.[31](#cas14172-bib-0031){ref-type="ref"} Another study reported that high expression of αvβ3 integrin can promote metastasis in breast cancer.[21](#cas14172-bib-0021){ref-type="ref"} Thus, we hypothesized that the level of αvβ3 integrin would be closely related to BSP in primary cancer cells, and their expression would be relevant to the metastatic ability of breast cancer cells.

In this study, we found that BSP was closely related to the expression of αvβ3 integrin. Moreover, their levels in primary breast invasive ductal carcinoma were closely related to distant metastasis. Based on these data, we believe the αvβ3 integrin‐positive and BSP‐positive subclones could be capable of overcoming all barriers during the metastatic process, and be selected to establish distant metastases. Although no significant correlation between their expression and organ‐specific metastasis was observed, we cannot determine whether BSP and αvβ3 integrin play roles in organ selection during metastases formation, because breast cancer patients have a long survival period after surgery, and we cannot track all metastatic records in their lifetime.

With regard to the regulation mechanism, previous studies have suggested that BSP can promote breast cancer migration, invasion, and metastasis by binding to αvβ3 integrin, as αvβ3 integrin showed a broader ability to bind to ligands such as fibronectin, vitronectin, fibrinogen, and thrombospondin.[32](#cas14172-bib-0032){ref-type="ref"} In this study, we found that *IBSP* siRNA decreased the expression of αvβ3 integrin and inhibited the abilities of proliferation, migration, and invasion in MCF7 and PC3 cells, which further proved the result of our previous study.[9](#cas14172-bib-0009){ref-type="ref"}

In order to further determine the effect of BSP and αvβ3 integrin on the process of bone metastasis, αv and β3 integrin were overexpressed in breast cancer cells, which knocked down BSP activity. The result showed that αvβ3 integrin overexpression could reverse the inhibitory effect of BSPi on tumor bone metastasis. Simultaneously, the abilities of cell migration and invasion decreased significantly in αv and β3 integrin silenced cells. This implied that αvβ3 knockdown could reverse the promoting effect of BSP on breast cancer bone metastasis. Thus, we propose that BSP can regulate bone metastasis by adjusting the expression of αvβ3 integrin as well as through binding to αvβ3 integrin. In the mouse model, inconsistent statistics were observed when bone metastases were detected by H&E staining and micro‐CT. This is because only noticeable osteolytic bone damages could be detected by micro‐CT, and areas of minor damage and metastases in the marrow cavity were missed.

Interestingly, by RNA sequencing, we found cancer cells with high bone metastatic potential showed high level of *ITGB3*,*SPP1*, and *KCNK2* but low level of *PTK2B*. In contrast, cancer cells with low bone metastatic potential showed low level of *ITGB3*,*SPP1*, and *KCNK2* but high level of *PTK2B* (as the copy number of *IBSP* is too small, no quantitative analysis of *IBSP* was carried out). The result also revealed that *SPP1*,*KCNK2*, and *PTK2B* were up‐ or downregulated with the change of αvβ3 integrin level in MCF7 and PC3 cells.

*SPP1* gene encodes OPN, another member of the SIBLING family (as is BSP), which have been reported to be overexpressed in breast cancer and as playing important roles in bone metastasis.[33](#cas14172-bib-0033){ref-type="ref"}, [34](#cas14172-bib-0034){ref-type="ref"} Similar to BSP, OPN can bind to integrin αvβ3, located on the tumor cell surface, through its RGD motif, to further promote the malignant behavior of tumor cells.[35](#cas14172-bib-0035){ref-type="ref"}, [36](#cas14172-bib-0036){ref-type="ref"} Research has shown a strong correlation between BSP and OPN in papillary thyroid carcinoma specimens.[37](#cas14172-bib-0037){ref-type="ref"} *PTK2B*, also known as *Pyk2*, is supposed to be highly expressed in invasive breast cancer and regulates tumor cell invasion and metastasis.[38](#cas14172-bib-0038){ref-type="ref"} However, some studies have also shown that *Pyk2* exerts tumor‐suppressive effects.[39](#cas14172-bib-0039){ref-type="ref"}, [40](#cas14172-bib-0040){ref-type="ref"} Therefore, *PTK2B* could have a dual function in cancer. As a phosphorylated β3 binding partner, *Pyk2* could directly bind to the β3 cytoplasmic tail, dependent upon Pyk2‐Tyr‐402 and β3‐Tyr‐747 phosphorylations.[41](#cas14172-bib-0041){ref-type="ref"} Thus, it is not surprised that *PTK2B* is involved in BSP‐αvβ3‐mediated breast cancer bone metastasis. The *KCNK2* gene encodes TREK‐1, one of the members of the two pore domain background potassium channel protein family. It has been shown to be overexpressed in many kinds of cancer cells[42](#cas14172-bib-0042){ref-type="ref"}, [43](#cas14172-bib-0043){ref-type="ref"} and has a significant effect on cell proliferation, apoptosis,[44](#cas14172-bib-0044){ref-type="ref"} and cell cycle arrest.[45](#cas14172-bib-0045){ref-type="ref"} Moreover, in prostate cancer, TREK‐1 levels were positively associated with Gleason score and T staging. High levels of TREK‐1 expression were related to shorter castration resistance‐free survival.[45](#cas14172-bib-0045){ref-type="ref"} Here, we found that *ITGB3* has a striking effect on *KCNK2* expression, and this might be the way they participate in metastatic regulation.

According to TCGA data, the RNA level of *IBSP* was closely related to *ITGAV*, and *ITGAV* was closely related to *ITGB3*. However, there was no obvious correlation between these genes and breast cancer metastasis. The possible reasons are outlined below.

Among the 1222 BRCA samples, there were only 79 metastatic samples. If we consider the organ‐specific metastases, the number was even smaller. Many patients were still in the early stage with low degree of malignancy, which was of limited significance for metastatic study.The samples collected for RNA sequencing might have contained many kinds of cells, including cancer cells, normal breast cells, immune cells, and other components. Therefore, the sequencing results reflect the overall gene level of sample. However, the result of immunohistochemically staining can clearly distinguish the cancer cells with others, so we believe it is more reliable.The BRCA dataset of TCGA contains multiple types of breast cancer, whereas the immunohistochemically analysis selected only infiltrative ductal carcinoma with a high rate of bone metastasis.TCGA data were detected at the RNA level, whereas immunohistochemistry was detected at the protein level. We all know that BSP is a highly phosphorylated and glycosylated protein, and αvβ3 integrin is glycosylated as well, undergoing complex modifications after gene transcription and translation. All of these reasons could cause inconsistent results. At least, the above results have demonstrated that the 3 protein levels are closely related to each other, and they might have more complex effects in addition to binding.

For many years, BSP and αvβ3 integrin were considered to be attractive drug targets. Although BSP Abs[7](#cas14172-bib-0007){ref-type="ref"}, [8](#cas14172-bib-0008){ref-type="ref"}, [46](#cas14172-bib-0046){ref-type="ref"}, [47](#cas14172-bib-0047){ref-type="ref"} and integrin antagonists[48](#cas14172-bib-0048){ref-type="ref"} seem helpful in mouse or rat models, none have been successful in clinical experiments until now. However, antagonism of specific integrin subunits in stringently stratified patient cohorts are emerging as a potential way forward.[49](#cas14172-bib-0049){ref-type="ref"} From another perspective, as the specific expression of BSP and αvβ3 integrin is important in invasive primary tumors and bone metastatic sites, they could be used as tumor‐associated antigens to selectively deliver antitumor agents in cancer therapy. We are glad to see that a study has exploited an αvβ6 integrin‐specific peptide to generate a tumor‐targeted photosensitizer, which, when used in photodynamic therapy, resulted in effective ablation of primary lung tumors in mouse models.[50](#cas14172-bib-0050){ref-type="ref"}

In conclusion, our studies suggest that BSP expression could influence the αvβ3 integrin level in breast cancer cells. The αvβ3 integrin could partly reverse the decreased effect of bone metastasis caused by *IBSP* gene silencing. In primary breast cancer tissues, the BSP and αv and β3 integrin protein levels were closely related to each other. Cancer cells with high BSP and αv and β3 integrin protein levels might have high potential to form bone metastases. Thus, we believe BSP, together with αv and β3 integrin, regulate breast cancer bone metastasis, and αvβ3 integrin could be one of the downstream factors regulated by BSP. Moreover, *SPP1*,*KCNK2*, and *PTK2B* genes might also take part in this process (Figure [8](#cas14172-fig-0008){ref-type="fig"}). Therefore, the BSP‐αvβ3 axis could be a promising target for breast cancer metastatic therapy.

![Schematic illustration how bone sialoprotein (BSP) and αvβ3 integrin might promote breast cancer bone metastasis. In breast cancer cells, BSP expression could influence the level of αv and β3 integrin, which in turn promote the expression of each other. Then BSP is released into the extracellular environment, and the αv and β3 integrin are transferred to the membrane, where BSP binds to αvβ3 through its RGD motif. Simultaneously, they could regulate the expression of osteopontin (OPN), KCNK2 and PTK2B. OPN can also binds to αvβ3. All these factors together regulate breast cancer bone metastasis](CAS-110-3157-g008){#cas14172-fig-0008}
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